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Introduction 51
The East African Rift valley (EAR) is a divergent plate boundary between Nubian 52 plate and Somalian plate that extends the length of ~5000 km-long from Ethiopia to 53
Mozambique (e.g., McKenzie et al., 1970; Ebinger, 1989) . The EAR contains numerous reported that there was no relationship between the eruption and the swarm due to the 89 ground deformation spanning 2001-2004 implies no significant pressure changes in 90 magma chamber. Thus, the interrelation between the eruption and the event is still 91 uncertain. 92
The objectives of this paper are to report the three-dimensional (3D) displacement 93 fields that have never been reported by the previous studies and to show our source 94 modeling results. This was made possible by a couple of reasons. Firstly, in contrast to 95 the previous studies, we used L-band ALOS/PALSAR images acquired from both 96 ascending and descending tracks. The L-band SAR is more advantageous in terms of the 97 easiness of phase unwrapping even the areas with large phase gradient. Secondly, we 98 apply both InSAR and offset-tracking methods that can reveal the full 3D displacements. 99
Based on the inferred fault slip model, we also discuss the implications for the regional 100 stress field and their possible role for the generation of fault segmentation along the rift 101 axes. Moreover, we point out the possibility of the aseismic slip as the driver of 102 earthquake swarm. 103 104
Data processing and SAR observation 105
Satellite-based SAR is helpful to obtain ground surface deformation signals with 106 unprecedented spatial resolution over wide areas (e.g., Massonnet and Feigl, 1998; 107 Hanssen et al., 2001) . We detected the deformation signals associated with the 2007 108 event using both ascending and descending ALOS/PALSAR (L-band, 23.6 cm wave 109 length) images (Table 1) , providing us with the range changes along the radar line of 110 sight (LOS) from two independent directions. 111
We also applied the offset-tracking method to derive the displacements projected 112 along the satellite flight direction. We could thus derive the 3D displacements associated , 2007) . SAR data were processed by GAMMA software (Wegmüller 124 and Werner, 1997). Although we corrected for the orbital and topographic fringes with 125 the use of precision orbit data by JAXA and SRTM DEM, respectively, there still 126 remain long-wavelength phase trends and topography-correlated fringes. The effects of 127 long-wavelength trend and topographic-correlated atmospheric delay in the 128 interferograms were removed, by fitting low-order polynomials and DEM, respectively. 129
For phase unwrapping, we used the branch-cut algorithm (Goldstein et al., 1988) . While 130 the unwrapping error would appear at different locations in the ascending and 131 descending data, we confirmed that the phase discontinuities were observed at the same 132 locations, suggesting that they are real deformation signals. 36.05E, 2.71S). We also identify another phase discontinuity to the NE that is 139 particularly clear in Fig. 2a . The area between the two discontinuities indicates an 140 increase in the radar line of sight (LOS) in both ascending (Fig 2a) and descending data 141 ( Fig. 2d ), suggesting that the area has subsided. In contrast, outside this region the 142 signal in the ascending and descending data is opposite, suggesting E-W motion (Figs. 143 2a and 2d). We can thus roughly interpret that the LOS-increasing area was subsiding, 144
and that the outer eastern and western areas were moving to the east and west, The horizontal displacements in Fig. 5a indicate that the western and the eastern half of 174 the areas moved up to ~35 cm toward W-WSW and ~51 cm toward E-NE, respectively. 175
The subsidence zone moved toward SSW direction with a maximum horizontal 176 displacement of ~48 cm. The vertical displacements are shown in Fig. 5b , which 177
indicates that the eastern half was uplifting and the center area was subsiding by ~62 cm. 178
In contrast, the western half was uplifting by only a few centimeters. 179 180 181 10
The elastic dislocation source modeling 182
Static ground displacements associated with earthquakes and/or dike intrusion 183 episodes are often interpreted by using analytical solutions due to planar rectangular 184 dislocation elements in elastic half-space (Okada, 1985) . In this study, we estimate west-dipping faults and a dike segment. After setting the location and geometry of the 208 fault sources and dike, we performed a linear least squares inversion to derive the 209 spatially variable slip and opening on the fault and dike, inverting jointly the ascending 210 and descending interferograms. Here we do not invert for the azimuth offset data, and 211 instead we check the consistency a posteriori as argued below. In solving the least 212 squares problem, we applied a "non-negativity" constraint. Namely, in order to derive 213 physically plausible slip distributions, we prescribed that the east-dipping and the normal slip is much larger than the strike slip ( Figs. 6b, d) . However, the inferred 226 strike slip component is unexpectedly larger than that inferred by seismology (Figs. 6a,  227 c). The calculated geodetic moment for the dip slip component is 3.3 × 10 18 Nm, and 228 that for the strike slip component is 8.1× 10 17 Nm. Thus, the contribution of the strike 229 slip is 19.9 %, and the equivalent moment magnitude for the dip slip and strike slip is 230 Mw 6.28 and 5.87, respectively. Because the cumulative seismic moment is 2.2 × 10 18 231
Nm according to the Global CMT, it turns out that about 56 % of the geodetic moment 232 were released aseismically. The moment for the strike slip must be responsible for the 233 southward movement of the subsidence zone. The dike segment exhibits up to 220 cm 234 opening at the depth of 2-4 km (Fig. 6g) , and the volume of intrusion is 0.036 km 3 . 235
While we may include a Mogi-type deflation source to account for the source of the 236 intruded dike, we cannot identify any circular signals in the observed InSAR data that 237 allows us to constrain such a source. Although we do not discard the presence of a 238 deflation source, we consider that the depth of the Mogi source, if any, would be deeper 239 than 3 km, because otherwise there would arise circular fringes; we then assumed that 240
the Mogi source has the same volume changes as those of intruded dike. Moreover, 241 even if we include the deflation source at the center of the largest displacement field, the 242 E-W trending sharp offset at northern and southern edge of the negative signal will 243 never be generated. distinguished from measurement errors that would be empirically less than 5 cm for a 250 single interferogram. Also, we calculated the displacements for the azimuth offset, 251 which also reproduces the characteristic offsets in the subsidence zone ( Fig. 3) . In the above ∆CFF modeling, however, we do not consider the background tectonic 283 stress fields. The two west-dipping faults are forming en-echelon structure, and the 284 strike components are much larger than the normal slip at the shallower depth of the The stress field estimated from seismological studies, however, indicates 299 seismotectonic stresses, and the stress field can change at the other depths than the 300 depth of the employed hypocenters. It is likely that the existence of a microplate or 301 magma intrusion can build up a three-dimensionally complicated stress field. As shown 302 in the slip distribution in Fig. 6 , the strike slip is dominating at the shallower depth, 303 suggesting the transcurrent stress regime. Meanwhile, it is well-known that the 304 shallowest zone of the crust exhibits a velocity-strengthening tendency in the friction 305 parameters of the rate-and-state dependent friction law, meaning the absence of seismic 306 slip and the presence of aseismic slip (Scholtz 1998). In other words, it sholud be noted 307 that we cannot infer a true stress regime at the shallowest depths from seismological 308 studies, no matter what type of stress fields are dominant. Thus we may claim that this 309 study is the first to have confirmed the transtensive stress regime at shallower depth 310 around the Lake Natron by the detection of the aseismic strike slip based on the InSAR 311 data. Although Wright et al. (2006) suggested that dike intrusion is essential to form the 312 along-axis segmentation, and we do not dispute its importance, our detection of 313 significant strike slip at shallow depth is a direct evidence for the presence of 314 transtensive stress that is necessary to generate the along-axis segmentation like relay 315 zone (transfer zone). We consider that the dike intrusion could contribute to generate the 316 three-dimensionally complex stress distributions. Since our dike opening model sets a 317 kinematic displacement boundary condition instead of stress boundary condition, we 318 should note that the stress axis around the study area does not have to coincide with the 319 dike opening direction. 320
The relay ramp is known to form between antithetic normal faults like graben structure 321 are also observed at the Northern Lake Rukwa (Chorowitz, 2005). While we do not 325 include it in the source model of this study, we can identify such discontinuities in the 326 azimuth offset observation as indicated by the red dashed line (Fig. 3) . We consider that 327 those discontinuities would also be the evidence for the horizontal motion of the 328 subsiding region. 329
The observed aseismic slip may also have an important implication for the generation 330 mechanism of earthquake swarms (e.g., Lohman and McGuire, 2007; Takada and 331 Furuya, 2010; Wicks et al., 2011) . Earthquake swarms are often attributed to fluid or 332 magma intrusion, and it is apparent that such an intrusion occurred during our recording 333 period. However, besides the dike intrusion process, aseismic slip has also been 334 proposed as another possible driver of swarm generation. We may regard the detected 335 aseismic strike slip as another piece of evidence for the proposed swarm mechanism. 336 337
Conclusion 338
Using ALOS/PALSAR data, we have detected the ground displacements associated 339 with the 2007 northern Tanzanian earthquake swarm episode near the Lake Natron. In 340 addition to the two-pass InSAR data from both ascending and descending paths, we 341 derived azimuth offset data that are sensitive to the displacements parallel to the satellite 342 flight direction. We could thus demonstrate the 3D displacement fields. Besides the 343 graben-like structure already pointed out in the previous studies, the 3D displacement 344 fields indicate that the subsidence zone moved toward SSW. (M>5, source Global CMT catalogue), and the largest beach ball indicates the main 558 shock of focal mechanism (M5.9). Red and blue rectangles mark the imaged area by 559 ALOS/PALSAR (c.f. Table 1) . The arrows indicate slip directions of each the faults. The unit of dislocation or 599
